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Abstract. The aggregation behaviour of a synthetic C 4 phospholipid, containing two phosphate 
groups and two stearoyl groups, has been studied. The surfactant formed different types of 
aggregates in water depending on the concentration, the temperature and the treatment of the 
samples. Tilted bilayers were found at high surfactant concentrations, whereas at low surfactant 
concentrations intercalated bilayers could be identified. The intercalated structures could be 
converted into very small vesicles upon sonication. Tube-like aggregates were formed after storage 
at low temperature, which coagulated into thread-like superstructures.
Introduction Results and discussion
The properties and structure of biomembranes have at­
tracted interest from chemists and biologists for many 
years1. The structural complexity of these membranes 
requires a systematic approach to understand their func­
tion. Therefore, researchers have isolated membrane 
components and studied their properties2. Since phospho­
lipids are the main constituents of cell membranes, much 
attention has been focussed on models which describe the 
aggregation behaviour of these molecules3,4. In more re­
cent years, synthetic amphiphilic molecules with self- 
organising properties have been described5,6. It has been 
shown that the aggregates formed by these amphiphiles 
can be used as models for some biomembranes7. 
Surfactant systems able to form chiral aggregates have 
been described in the literature8. With the aim of obtain­
ing aggregates with a high degree of dissymmetry, which 
can be applied as chiral matrices for catalytic systems, we 
designed a phospholipid, 1, containing two adjacent chiral 
centres. Although many synthetic phospholipid deriva­
tive sg and other artificial amphiphilic phosphates10,11 are 
known, only a few of them contain more than one stere- 
ogenic centre1213. The (25,35) stereoisomer of 1, derived 
from D-(-)-threitol, was synthesised starting from d - ( - ) -  
tartaric acid [14]. A study of its properties and aggregation 
behaviour in water by different techniques including elec­
tron microscopy, polarisation microscopy, differential- 
scanning calorimetry, 31P nuclear magnetic resonance, 
X-ray diffraction, and Brewster angle microscopy on 
monolayers is presented here.
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Determination of  pK (l values
The p K.t values of 1 were determined, in order to select a 
buffer system in which the charge of the molecules during 
aggregation experiments could be controlled. The values 
for p a n d  p K.l2 in water were determined by titrating 
a sonicated dispersion of fully protonated 1 with an aque­
ous sodium hydroxide solution. The p/^aj and p K.a2 val­
ues were found to be 1.8 and 10.2, respectively. The fact 
that the compound showed only two p/Ca values for four 
acidic protons, implies that both phosphate head groups 
are deprotonated simultaneously. A similar effect has 
been observed in deprotonation studies of /myoinositol 
hexaphosphateL\  where only two p K.x values are ob­
served for the abstraction of the second protons of six 
phosphate groups.
The p K.d values of phosphatidic acids have been deter­
mined by titration (p/Cal =  3.9 ± 0.1; p/Ca2 = 8.6 ± 0.3)16 
and ' ’P-NMR experiments (pK.xl = 3.5; pA"a2 = 9)17. The 
fact that the p K.{ values for 1 differ from those deter­
mined for phosphatidic acids may be caused by a differ­
ence in the aggregation behaviour, which has been found 
to influence these values17.
In view of the above findings, further experiments were 
carried out at pH = 7 where each phosphate group is in 
its monoprotonated state.
Electron microscopy
1 (2 5 ,3 5 )
The aggregation behaviour of compound 1 was studied in 
2mM PIPES (1,4-piperazinediethanesulfonic acid) buffer 
(pH 7) using freeze-fracture electron microscopy. Samples 
were prepared by vortexing the suspension of 1 in a buffer 
solution at 70°C. The results of this study are presented in 
Figure 1. Stacked bilayer structures were observed at high 
amphiphile concentrations (20-80% w/w), whereas at 
low concentrations (0.1-1.0% w/w) small platelets were 
visible.
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A sample containing very small amounts of water (<  5%) 
was examined with crossed polarisers, in the temperature 
range 30-80°C. Under these conditions one distinct tex­
ture was observed. The surfactant as such did not show 
any birefringence. After addition of water a second tex­
ture type appeared at the water-surfactant interface in 
the form of oily streaks [18], suggesting a second type of 
aggregation in the more hydrated region (Figure 2).
Differential-scanning calorimetry (DSC)
Thermograms were recorded using suspensions of 1 in 
buffered solutions of varying surfactant concentrations in 
the range from 1 to 99% (w/w) (Figure 3). Highly concen­
trated samples showed an endothermie peak at Tm 45°C 
{AH  30 ±  1 J/g), indicating a phase transition from a gel 
to a liquid-crystalline state19. Lowering the concentration 
gave rise to a second phase transition at 38°C. This 
became the main transition when the amount of am-
phiphile was approximately 50%. Further dilution of the 
sample caused the endotherms to shift to lower tempera­
tures, which is common for phospholipid samples20. Fi­
nally, a 1% dispersion of 1 again showed a single phase 
transition. This appeared at 20°C {AH  88 ± 3 J/g). These 
results are in good agreement with the data from the 
electron-microscopy experiments (see above), where two 
distinct morphologies were observed depending on the 
concentration of the surfactant molecules used.
The transition entropies calculated from the data ob­
tained from these experiments can be compared with that 
calculated for distearoylphosphatidic acid (DSPA)21 (Ta­
ble I).
From these values, one may conclude that the packing of 
the molecules of 1 at low water content is less efficient 
than that of DSPA molecules, whereas at high water 
content the reverse is true.
1 !P-NMR spectroscopy
'5 1
' P-NMR studies were performed on aqueous dispersions 
containing various concentrations of surfactant in the 
temperature range from 10 to 70°C (Figure 4). At 70°C
Temperature ( °C)
Figure 3. DSC thermograms o f  dispersions o f  1 containing 99% (a), 
Figure 2. Micrograph o f  a contact preparation o f  1 at 80°C, viewed 95% (b), 50% (c), 10% (d), and 1% (e) ( w / w )  surfactant in 2mM
through crossed polarisers. PIPES buffer (pH 7).
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Table I Data derived from calorimetrie experiments. X-ray diffraction
Sample Tm (°C) A H  ( J /g ) J 5 [ J / ( g - K ) ]
1 (99%) 45.1 30 0.09
1 (1%) 19.7 88 0.30
DSPA22 72.5 59 0.17
the sample containing 80% (w /w )  surfactant showed an 
a n i s o t ro p ic  s ignal,  s im ila r  to s ignals  o .btained 
previously18'22 for phosphatidic acid, with a maximum at 
— 6 ppm. This chemical shift anisotropy is due to re­
stricted motion of the phosphate head groups and indi­
cates the presence of bilayer s tructures22 23. When the 
temperature  of the samples was lowered, a second signal 
appeared at — 1.9 ppm. which indicates the formation of a 
different type of aggregate24. On further decreasing the 
temperature  and passing the phase transition this isotropic 
signal remained, superimposed on a faint, very broad 
peak.
The effect of varying the surfactant concentration was 
studied at different temperatures. Lowering the concen­
tration from 80 to 1% (w /w )  at 70°C led to a downfield 
shift of the signal originally present at —6 ppm, and to a 
decrease in the chemical shift anisotropy. At all the con­
centrations used, the same apparent sharpening of signal 
with decreasing temperature  was observed, as described 
for the sample containing 80% (w /w )  of the surfactant. 
The 'P -N M R  results support the conclusions from the 
DSC measurements, polarisation-microscopy and elec- 
tron-microscopy experiments, that the amphiphile concen­
tration determines the type of aggregate formed. Low 
water contents seem to favour the formation of large 
bilayer structures, whereas at higher water concentrations 
the aggregates are smaller and therefore less restricted in 
the averaging of chemical-shift anisotropy of the N M R 
signal.
The distribution of the molecules over both types of 
aggregates also depends on the temperature  of the sam­
ples. Lowering of the temperature  favours the formation 
of the smaller aggregates exhibiting relatively low chemi- 
cal-shift anisotropy. Raising the temperature  will increase 
the number of gauche conformations in the hydrocarbon 
chains, and therefore increase the volume of the hy­
drophobic parts of the molecules. This change of tem per­
ature may cause the molecules to adopt a different form 
of aggregation, which is a well-known phenomenon for 
various classes of lyotropic phospholipids13,25. The transi­
tion between the two types of aggregates appears to occur 
gradually, and, therefore, could not be detected in DSC 
experiments.
Surfac tan t  con cen t ra t ion
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Powder diffraction patterns were recorded on samples of 
compound 1 having different levels of hydration. Reflec­
tions between 3 and 60° were analysed and interpreted in 
terms of high-order reflections of stacked bilayer struc­
tures. The diffraction pattern of a sample containing 98% 
(w /w )  surfactant showed six higher order reflections (n =
3, 4, 5, 6, 8, 11) corresponding with a bilayer periodicity 
of d  =  57.5 ±  0.3 A. The lipid bilayer thickness was calcu­
lated to be of the same magnitude within these experi­
mental errors (Eqn. 1, see below).
Assuming the fatty-acid chains to have an all-trans confor­
mation, the thickness of the bilayer was estimated to be 
60 A from CPK models of two molecules oriented parallej 
to the bilayer normal. The  measured value of 57.5 A 
suggests, therefore, a tilted orientation of the molecules 
with respect to the bilayer normal.
In the diffraction pattern  a broadened reflection repre­
senting a periodicity of 4.11 A and a faint reflection
representing a periodicity of 4 .11 /(v3  ) A were observed. 
These reflections are typical for the hexagonal packing 
pattern of the hydrocarbon chains in lipid bilayers. The 
broadening of the reflections indicates a distorted packing 
commonly found in tilted bilayers26-28.
The occupied area per surfactant molecule and the area 
per hydrocarbon chain were calculated to be S =  47.5 A2 
and 1  =  19.7 A2, respectively29. The tilt angle of the 
bilayer can be determined from cosB = 2 1  / S ,  which re­
sults in 0 =  34.0°. The S / 1  ratio of 2.4 shows that the 
occupied area per molecule is large enough to accommo­
date 2.4 hydrocarbon chains. This indicates that under  the 
conditions used, this area is determined by the head 
groups of the molecule rather than by its hydrophobic 
part. This additionally suggests a loosely packed hydrocar­
bon region, which is consistent with the thermodynamic 
parameters  derived from DSC experiments (Table I).
The wide-angle diffraction pattern derived from a 1% 
(w /w )  suspension of the surfactant did not show any 
characteristic peaks or bands3". This suspension was sub­
sequently dried below its phase transition temperature  
(preventing the reorganisation of the aggregates) until the 
water content was approximately 1.5%. This dried sample 
displayed many high-order reflections from which two 
periodicities could be derived, as well as a weak, but 
sharp reflection represen ting2,) i/s = 4.12 A. One d  value 
(19 reflections) was calculated to be 40.2 + 0.3 A, and the 
other (20 reflections) was d  =  38.7 ±  0.3 A. These values 
may be rationalised as the thickness of the hydrated and 
the dehydrated forms of the aggregate, respectively. From 
these values, using the Luzzati formalism2* (Eqn. 1), the 
lipid bilayer thickness can be calculated. Assuming a local 
water content of 2% (w /w )  and using the d value of 4062 
A, Eqn. 1 resulted in a bilayer thickness of d, =  38.6 A. 
which is in agreement with the assumption that the d 
value of 38.7 ±  0.3 A represents the thickness of a dehy­
drated bilayer. This extraordinarily small value implies 
that the bilayer has a fully intercalated s truc ture31, indi­
cated schematically in Figure 5.
d
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PPM *50 50 pp^ -50 50 ppM -50
d{.  the thickness of the bilayer
d: the bilayer periodicity
v (: the partial specific volume of water
Vy the partial specific volume of the surfac tan t29
C: the surfactant concentration
Figure 4. Normalised 81-MHz proton-decoupled ''P-NMR spectra o f  1 
in 2mM  PIPES buffer (pH 7).
Calculation of the area occupied per surfactant molecule 
and the area per hydrocarbon chain from these data,
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Figure 5. A schematic representation o f  a tilted (A) and a fully 
intercalated bilayer (B).
resulted in S = 70.7 A2 and 1  = 19.6 A2, respectively29. 
The S / S  ratio was calculated to be 3.6, which implies that 
the molecular area in these aggregates is enough to be 
occupied by 3.6 alkyl chains. Additional small reflections 
were also detected in the sample, representing d values
of 8.8 A, 1 /2  (8.8 A), 1 /3  (8.8 A), and 1 /4  (8.8 A),
together with three sharp reflections representing period­
icities of 2.81 A, 1.62 A, and 1.61 A. No lattice dimensions 
could, however, be assigned to those numbers.
Monolayer experiments
Pressure-area isotherms of 1 were recorded under vari­
ous conditions. Simultaneously, the compressed monolay­
ers were observed with a Brewster Angle Microscope 
(BAM)32. The 77-A diagrams, recorded at pH 7 and at 
temperatures of 10, 20 and 30°C, in all cases showed a 
phase transition from a liquid-expanded (LE) to a liquid- 
condensed (LC) state33 (Figure 6). Brewster angle micro­
graphs of the different phases at 20°C clearly showed the 
increasing degree of hydrocarbon-chain packing which 
takes place when the system proceeds from the LE phase, 
through the LE-LC coexistence phase, to the LC phase. 
This phase transition is pseudo-first order, as assessed 
from the close-to-zero slope in the transition area34,35. At 
30°C the phase transition occurs at relatively high area 
per molecule, reflecting the expansion of the hydrophobic 
region, due to an increased number of gauche conforma­
tions. The compressibility of the monolayer at this tem­
perature is low, as is evident from the fact that both the 
LE-LC transition and the collapse occur at lower pres­
sure.
The isotherms recorded at 10 and 20°C are very similar, 
except for the phase-transition pressure, which is lower at 
the latter temperature. This suggests that, at these tem­
peratures, unlike at T 30°C, conformational motions in 
the hydrocarbon chains play a minor role in determining 
the area per molecule. The molecular area is dependent 
on the size of the head group, as follows from experi-
A (A /molecule)
Figure 6. I I - A  isotherms o f  1 at pH  7.0 and 10°C (a), 20°C (b), and 
30°C (c). Isotherm a was recorded in two separate runs.
n 60 -
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Figure 7. i l  -  A isotherms o f I recorded at 20°C and pH  1.0 (a), pH  7.0 
(b), pH  12.0 (c).
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ments at different pH values of the subphase (Figure 7). 
At pH 1, where both phosphate groups of 1 are fully 
protonated, the molecular area is relatively small as a 
result of the reduction of the electrostatic repulsion. At 
pH 12, where the molecules bear a fourfold charge, the 
area per molecule in the liquid-expanded phase is larger. 
At this pH no transition to the liquid-condensed state was 
observed. This can be explained by the assumption that, 
in its fully deprotonated state, the compound dissolves in 
the subphase at pressures over 36 mN/m .
The isotherms in Figure 7 were compared with those 
reported in the literature for distearoylphosphatidic acid 
(DSPA)21. No significant differences were observed for 
surface pressures below 17 30 mN/m . No data at higher 
pressures have been reported. This prevents the compari­
son of the phase transitions which, in all the cases exam­
ined here, occurred at pressures between 30 and 40 
mN/m.
The area per molecule, as deduced from the isotherm at 
pH 7 and T 20°C by extrapolating the slope of the 
isotherm in the LE phase to zero pressure, amounts to 70 
A2/molecule. This value may be regarded as the molecu­
lar area of a completely hydrated surfactant molecule and 
can therefore be compared to the value of S = 70.7 
A2/molecule, derived from X-ray experiments. Extrapola­
tion of the slope of the isotherm in the LC phase, where 
the head groups are believed to be closely packed, leads 
to a molecular area of 45 A2/molecule, which is in agree­
ment with the value of 47.5 A2/molecule derived from the 
diffraction data.
Vesicle formation
Freeze-fracture electron micrographs showed that 1 forms 
vesicles when its dilute dispersions were sonicated for 1 h 
at 70°C (Figure 8). The dimensions of these vesicles 
(300-500 A) suggest a highly curved surface. The critical- 
packing radius (R c) for vesicles can be estimated ousing 
the relationship3,36 in Eqn. 2. An R c value of 204 A was 
calculated when an a0 value of 70.7 A2 was used for the 
molecular area at low surfactant concentration. This is in
o
good agreement with a radius of 150-250 A obtained 
from electron microscopy observations.
Rc= 1 -  V0/ ( a 0 ■ lc) (2)
/c: the maximum length of the molecule
v0: the volume of the hydrophobic part of the molecule
a0: the area of the polar head group
Using the approximation3 in Eqn. 3, the number of 
molecules per vesicle can be estimated. For a bilayer 
thickness of 40 A, this number amounts to 20000. The 
ratio of molecules on the outer and inner side of the
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Figure 10. Scanning-electron micrograph o f  tubuli, found in a 20% 
suspension o f 1 after storage at — 18°C. The bar represents 10 ¡im.
Figure 8. Freeze-fracture micrograph o f  a 0.1% ( w / w )  suspension o f  1 
after sonication at 70°C for 1 h. The bar represents 100 nm.
membrane then follows from" R 2/ ( R c — t)2 and amounts 
to 1.6.
N = 4 • 77 (3),
/: the bilayer thickness '7 
Formation of  tubuli
When a 0.1 M ammonium formate buffer of pH 8 was 
used to prepare a 20% dispersion of 1, instead of PIPES, 
and kept at -  18°C for two months, the formation of thin 
white threads was observed. Samples of these threads 
were dried on a microscope grid, shaded with platinum 
and carbon, and examined with transmission-electron mi­
croscopy. The electron micrographs (Figure 9a and b) 
showed the presence of tubuli38, which probably arise 
from rolled-up, tape-like aggregates. Scanning-electron 
microscopy showed that these tubes were assembled in
thread-like structures with diameters of approximately 0.5 
ixm (Figure 10).
The tubuli showed a sharp phase transition in DSC at 
69°C, proving that they are not merely anhydrous micro­
crystals, as the pure compound displayed only a very weak 
transition at 80°C.
Conclusions
The aggregation behaviour in water of a new chiral phos- 
phatidic acid analogue 1 derived from D-(-)-threitol has 
been investigated using a variety of techniques, which 
provided a set of consistent results.
Electron microscopy revealed the presence of different 
types of aggregates in suspensions of 1, which were de­
pendent on the concentration, the temperature, the buffer 
and the treatment of the sample. Suspension of 1 at 
different concentrations led to two different types of 
structures: stretched bilayers were predominantly formed 
at higher concentrations, whereas smaller particles were 
observed at lower concentrations. The latter could rear­
range to very small vesicles upon sonication above the 
phase-transition temperature. Tubuli were formed when a 
20% (w/w) suspension of 1 in a 0.1M ammonium formate
Figure 9. Transmission-electron micrographs o f tubuli, found in a 20% ( w / w )  suspension o f  1 after storage at — 18°C. The bar represents 200 nm
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buffer was kept at -  18°C for two months. These coagu­
lated to form large thread-like superstructures.
The two types of aggregates that are initially formed after 
suspension of the surfactant 1 in a buffered solution, were 
characterised using various experimental techniques.
The aggregates formed upon dispersion of high concen­
trations of 1 in a buffer solution, were identified as 
bilayers in which the surfactant molecules had a tilted 
orientation. From powder-diffraction data a bilayer thick­
ness of 57.5 A and a tilt angle of 34° were calculated. The 
area occupicd per surfactant molecule, calculated from 
the same data, was in agreement with the molecular area 
derived from monolayer experiments, and amounted to 
47.5 A2. This area was large enough to accommodate 2.4 
hydrocarbon chains, which suggested a bilayer in which 
the molecular area is determined by the size of the head 
group, and in which, as a consequence, the hydrocarbon 
chains are loosely packed. These suggestions were con­
firmed by monolayer experiments and DSC measure­
ments, respectively.
The small platelets, present at low surfactant concentra­
tions, weore found to be bilayer structures with a thickness 
of 38.6 A, which points to an intercalation of the hydro­
carbon chains. The molecular area of 70.7 A2, calculated 
from X-ray data, was in good agreement with results 
derived from monolayer experiments. This area would 
provide room for 3.6 hydrocarbon chains, which is consis­
tent with intercalation of the alkyl chains. The high de­
gree of hydrocarbon-chain packing required for the for­
mation of this type of intercalated bilayer, could also be 
derived from the thermodynamic data, obtained from 
DSC experiments.
The structure of both types of bilayers described above, is 
represented schematically in Figure 5.
The ability of the surfactant to adopt different types of 
aggregation, depending on the water content of the sam­
ple, is remarkable. The size of the phosphate head groups 
of various classes of phospholipids is known to depend on 
their charge and degree of hydration21. The introduction 
of a second phosphate moiety probably enhances the
i effect of hydration on the size of the head group. This 
j effect most probably enables 1 to adopt the head-group 
size required for the formation of the different types of 
: aggregates, e.g. the intercalated and non-intercalated bi­
layer structures, favoured by the specific experimental 
conditions.
Both in electron-microscopy and in monolayer experi­
ments we hoped to find proof for the formation of super­
structures that can serve as chiral matrices, as mentioned 
in the Introduction. Although the compound does contain 
two adjacent chiral centres, it failed to express its chirality 
on a macromolecular scale because no chiral aggregates 
are formed, detectable by microscopic techniques.
Experimental
Determination o f  p K a values
Typically 10 mg (0.0117 mmole) of compound 1 was suspended in a 
50 ml 0.01 M H : S 0 4 solution by sonication for 30 min at 70°C, and 
subsequently titrated with a 0.1M N aO H  solution in the same 
medium. pH values were measured using a Chemtrix-60A pH meter 
with a Orion Ross pH electrode 81-02.
Freeze-fracture electron microscopy
Freeze-frac tured39 samples were prepared  by incubating and vortex- 
ing buffered dispersions of the amphiphile above phase transition for 
1 h. A drop of the dispersion was brought onto a golden microscope 
grid (150 mesh), placed between two copper plates and fixated in 
supercooled liquid nitrogen. Sample holders were placed in a Balzers
Freeze Etching System BAF 400 D at 10~ 7 Torr  and heated  to 
— 105°C. After  fracturing the samples were etched for 1 min (A T  
20°), shaded with Pt (layer thickness 2 nm) and covered with carbon 
(layer thickness 20 nm). Replicas were allowed to heat up to room 
tem pera ture  and left on a 20% chromic acid for 16 h. After  rinsing 
with water they were allowed to dry and studied under  a Philips 
T E M  201 (60 kV).
Polarisation microscopy
A sample containing 5% of water was placed on a glass plate and 
studied under  a Jeneval microscope, equipped with a TH M S 600 
hotstage and a Sanyo VHS videocamera, using crossed polarisers. 
The sample was heated from 27 to 80°C and a drop of water was 
added.
Differential-scanning calorimetry (DSC)
Therm ograms were recorded using a Perkin&Elmer DSC7. Samples 
were prepared  in stainless-steel large volume pans (75 ¿¿1). After 
addition of surfactant and buffer solution the pans were sealed and 
placed in a bath-type sonicator at 70°C. The samples were sonicated 
for 1 h and left overnight. After incubation at 0°C for 15 min, heating 
runs were recorded from 0 to 60°C.
3ip -n m r
Samples were prepared  by adding 2.0mM PIPES buffer to a weighed 
amount of compound 1 in a 10-mm N M R  tube. The samples were 
thermostated  at 70°C for 60 min and vortexed frequently. 81-MHz 
spectra were recorded using a Bruker WM200 N M R  spectrometer 
supplied with an Aspect 2000. Proton-decoupled spectra were ob­
tained from 2 0 0 -2 0 0 0  transients, the tt/ 2  pulse being 22  ¿is, with an 
interpulse time of 1 s. Chemical shifts are reported relative to 
trimethyl phosphate.
Powder diffraction
Powder diffractometry was carried out with a Philips PW1710 
diffractometer equipped with a Cu LFF X-ray tube at 40 kV and 55 
mA. Experiments were carried out between 3 and 60°, using a step 
width of 0.01°. Dispersions were prepared  by sonication for 1 h and 
left standing for 16 h before use. Samples were prepared  on a silicon 
single crystal and quickly dried at room tem perature ,  under a stream 
of air.
Monolayer experiments
Isotherms were recorded on a thermostatted, home-built trough 
(1 4 0 x 2 1 0  mm). The surface pressure was measured using Wilhelmy 
plates mounted on a Trans-Tek transducer (Connecticut USA). The 
surface of compressed monolayers was studied with a Brewster 
Angle Microscope (N FT BAM-1) equipped with a 10-mW H e - N e  
laser with a beam diam eter  of 0.68 mm operating at 632.8 nm. 
Reflections were detected using a CCD camera and images were 
recorded on a Panasonic super VHS videorecorder. On the subphase 
(Milli-Q water adjusted to the desired pH) 50-150  /j l \ of a solution of
1 in chloroform (0.33 m g /m l)  was spread and allowed to evaporate 
for 30 min. The rate of compression was 7.0 e n r / m i n .
Scanning-electron microscopy
A drop of the sample was placed on a glass plate and allowed to dry. 
The dried sample was covered with layer of gold using a Balzers 
Gold Sputter  Unit and examined at 15°C under  a J E O L  Scanning 
Microscope T300 (15 kV)
Acknowledgements
We would like to thank H.P.M. Geurts (Dept, of Electron 
microscopy, Univ. of Nijmegen) for his assistance in per­
forming electron microscopy, J.M.M. Smits (Dept, of 
Cristallography, Univ. of Nijmegen) for assistance and 
helpful discussions concerning X-ray diffraction experi­
ments and G.H. Nachtegaal (SON High-Frequency NMR 
Facility) for technical assistance in 31P-NMR experiments. 
The authors are indebted to L.N.I.H. Nelissen (Centre for
200 N.A.J.M. Sommerdijk et al. /  Aggregation behaviour o f a phospholipid based on D-(-)-threitol
Polymers and Composites, Eindhoven Univ. of Technol­
ogy) for the use of DSC equipment and helpful discus­
sions.
References and notes
1 S.J. Singer and G.L. Nicolson, Science 175, 720 (1972); A.D. 
Bangham , “ Liposome Letters” , Acad Press, London (1983); G. 
Lindblom and L. Rilfors, Adv. Coll. Int. Sci. 41, 101 (1992).
2 P.R. Cullis and B. de Kruyff, Biochim. Biophys. Acta 559, 399 
(1979); D. Chapman, R.M. Williams and B.D. Ladbrooke, Chern. 
Phys. Lipids 1, 445 (1967); D. Chapman, Langmuir 9, 39 (1993); 
IJ. Eibl, Angew. Chem. 96, 247 (1984).
3 J.N. Israelachvili, S. Marcelja and R.G. Horn, Quart .  Rev. Bio­
phys. 13, 121 (1980).
4 C. Huang and J.T. Mason, Proe. Natl. Acad. Sci. USA 75, 308 
(1978).
5 T. Kunitake, Angew. Chem. 104. 692 (1992); J.H. Fendler, Acc. 
Chem. Res. 13, 7 (1980); H. Ringsdorf B. Schlarb and J. Venzmer, 
Angew. Chem. 100, 117 (1988); A.M. Carmona-Ribeiro, Chem. 
Soc. Rev. 21, 209 (1992).
6 J.-H. Fuhrhop and J. Mathieu, Angew. Chem. 96, 124 (1984).
7 J.H. Fendler, “ M em brane Mimetic Chemistry'” , J. Wiley & Sons, 
New York (1982).
8 T. Tachibana and H. Kambara, J. Colloid. Interface Sci. 28, 173 
(1968); N. Nakashima, S. Asakuma  and T. Kunitake, J. Am. 
Chem. Soc. 107, 509 (1979); B. Pfannemuller and IV. Welte, Chem. 
Phys. Lipids 37, 227 (1985); D.A. Frankel and D.F. O'Brien, J. 
Am. Chem. Soc. 113, 7436 (1991); J.-H. Fuhrhop, P. Schnieder, J. 
Rosenberg and E. Boekema, J. Am. Chem. Soc. 109, 3387 (1987); 
J.H. Georger, A. Singh, R.R Price, J.M. Schnur, P. Yager and P.E. 
Schoen, J. Am. Chem. Soc. 109, 6169 (1987); H. Yanagawa, Y. 
Ogawa, H. Furuta and K. Tsuno, J. Am. Chem. Soc. I l l ,  4567 
(1989).
9 L.L.M  van Deenen and G.H. de Haas, Advances in Lipid R e ­
search, Vol II, 167 (1964); C.M. Gupta and A. Bali, Biochim. 
Biophys. Acta 663, 506 (1981); S.L. Regen, A. Singh, G. Oehme 
and M. Singh, J. Am. Chem. Soc. 104, 791 (1982); R.A. Moss and 
S. Swamp, J. Am. Chem. Soc. 108, 5341 (1986); S.K. Bhatia and J. 
Hajdu, Synthesis 16 (1989); N.K.P. Samuel, M. Singh, K. Yam- 
aguchi and S.L. Rcgen, J. Am. Chem. Soc. 107, 42 (1985); I. Lindh 
and J. Stawihski, J. Org. Chem. 54, 1338 (1989); P.N. Guivisdalsky 
and R. Bittman , J. Org. Chem. 54, 4637 (1989); D. Lafrance, D. 
Marion and M. Pezolet, Biochemistry' 29. 4592 (1990); N.S. Chan- 
drakumar and J. Hajdu, J. Org. Chem. 47, 2144 (1982).
10 T. Kunitake and Y. Okahata , Bull. Chem. Soc. Jpn. 51, 1877 
(1978); Y. Okahata, H. Ihara, M. Shimomura, S. Tawaki and T. 
Kunitake, Chem. Lett., 1169 (1980); Y. Okahata, S. Tanamachi, M. 
Nagai and T. Kunitake, J. Colloid. Interface Sci. 81, 401 (1981); T. 
Kunitake, Y. Okahara, M. Shimomura, S. Yasunami and K. 
Takarabe, J. Am. Chem. Soc. 103, 5401 (1981); A. Wagenaar, 
L.A.M. Rupert, J.B.F.N. Engberts and D. Hoekstra, J. Org. Chem. 
54, 2638 (1989).
11 J.M.P.M. Borggreven, F.C.M. Driessens, T.L. Hoeks and B. Zwa- 
nenburg, Caries Res. 23, 238 (1989).
K  Bruzik, R.-T. Jiang and M.-D. 7'sai, Biochemistry 22, 2478 
(1983); G.M. Salamonczyk and K.S. Bruzik , T e trahedron  Lett. 31, 
2015 (1990); J.M. Kim and D.H. Thompson, Langmuir 8 . 637 
(1992).
13 H.L. Casa I, H.H. Mantsch, R.A. Demel, F. Paltauf G. Lipka and
H. Hauser, J. Am. Chem. Soc. 112, 3887 (1990).
14 T.L. Hoeks, Thesis, University of Nijmegen (1990), N.A.J.M. Som ­
merdijk, T.L. Hoeks and B. Zwanenburg, manuscript in p rep a ra ­
tion.
15 E.R.P. Zuiderweg, G.G.M. van Beek and S.H. de Bruin, Eur. J. 
Biochem. 94, 297 (1980).
16 H. Trabe and H. Eibl, Proc. Natl. Acad. Sci. USA 79, 214 (1974).
17 H. Hauser, Proc. Natl. Acad. Sci. USA 8 6 , 5351 (1989).
18 A.S.C. Lawrence, in “ Liquid Crystals 2” , Part 1, G.H. Brown, Ed., 
Gordon and Breach, London, U K  (1969); T.A.A. Fonteijn, D. 
Hoekstra and J.B.F.N. Engberts, Langmuir 8 , 2437 (1992); H.A. 
van Doren and T.C.J. Rinia, XVIth International Carbohydrate 
Symposium, July 5 -1 0  1992, Paris (France) Abstr. No. D025 p. 
669.
' g D. Chapman, Quart .  Rev. Biophys. 8 , 185 (1975).
20 D. Chapman, in “ Biological M em branes” , vol. I, Acad. Press, 
London (1968).
21 R.A. Demel, C.C. Yin, B.Z. Lin and H. Hauser, Chem. Phys. 
 ^ Lipids 60, 209 (1992).
22 P.R. Cullis and B. de Kruyff, Biochim. Biophys. Acta 436, 523 
(1976).
23 P.R. Cullis and B. De Kruyff, Biochim. Biophys. Acta 507, 207 
(1978); A.C. McLaughlin, P.R. Cullis, M.A. Hemminga, D.I. Hoult, 
G.K. Radda, G.A. Ritchie, P.J. Seely and R.E. Richards, FEBS 
Letters 57, 213 (1975); A.C. McLaughlin, P.R. Cullis, J.A. Berden 
and R.E. Richards, J. Magn. Res. 20, 146 (1975); E.J. Dufourc, C. 
Maver, J. Stohrer, G. A lthoff and G. Kothe, Biophys. J. 61, 42 
(1992).
^  i
“ J. Salgado, J. Villalain and J.C. Gomez-Ferndndez, Biochim. Bio­
phys. Acta 1145, 284 (1993).
C.J. Dekker, W.S.M. Geurts van Kessel, J.P.G. Klomp, J. Pieters and 
B. de Kruyff, Chem. Phys. Lipids 33, 93 (1983); R.E. Epand, B. 
Gabel, R.F. Epand, A. Sen, S.W. Hui, A. Muga and W.K. Surewicz, 
Biophys. J. 61, 327 (1992); G. Lindblom, L. Rilfors, J.B. Hauksson, 
I. Brentel, M. Sjölund and B. Bergenstäl, Biochem. 30, 10938
(1991).
26 K. Harlos and H. Eibl, Biochemistry 20, 2888 (1981); S.W. Hui, 
J.T. Mason and C. Huang, Biochemistry 23, 5570 (1984).
T. Gulik-Krzywicki, E. Rivas and V. Luzzati, J. Mol. Biol. 27, 303, 
(1967); J.L. Ranck, L. Mathieu, D.M. Sadler, A. Tardieu, T. Gulik- 
Krzywicki and V Luzzati, J. Mol. Biol. 85, 249 (1974).
“8 A. Tardieu and V. Luzzati ,  J. Mol. Biol. 75, 711, (1973).
29 S =  2 - Mv- (nl / d x) - N - 10~24, where M T is the molecular weight, 
/ij is the partial specific volume of the surfactant, d { is the 
cross-section of the bilayer, and N  is Avogadro’s number. From 
models the volume of 1 was estimated to be approximately the 
same as for distearoylphosphatidyl choline: t =  0.958 g / c r n '  
(Ref. 28).
S =  2 - d 2 / v /3 ,  where d s is the side of a cell in the hexagonal 
lattice in which the hydrocarbon chains are packed (Ref. 28). The 
value of d is generally in the range 4.0-4.5 A (Ref. 26-30).
30 • •D. Atkinson, H. Hauser, G.G. Shipley and J.M. Stubbs, Biochim. 
Biophys. Acta 339, 10 (1974).
31 T.J. McIntosh, S.A. Simon, J.C. Ellington, Jr. and N.A. Porter, 
Biochemistry 23, 4038 (1984); J. Shah, P.K Sripada and G.G. 
Shipley, Biochemistry 29, 4254 (1990).
3~ S. Henon and J. Meunier, Rev. Sei. Intrum. 62, 936, (1990); D. 
Hönig and D. Möbius, J. Phys. Chem. 95, 4590 (1991), D. Hönig, 
G.A. Overbeck and D. Möbius, Adv. Matter.  4, 419 (1992); D. 
Hönig and D. Möbius, Chem. Phys Lett. 195, 50 (1992); D. Hönig 
and D. Möbius, Thin Solid Films 210/211, 64 (1992); G.A. Over­
beck, D. Hönig and D. Möbius, Langmuir 9, 555 (1993).
33 A.W. Adamson, “ Physical Chemistry of Surfaces” , Wiley, New 
York (1982).
34 V. von Tscharner and H.M. McConnell, Biophys. J. 36, 409 (1981); 
J.F. Nagle, Annu. Rev. Phys. Chem. 31, 157 (1980).
35 C.M. Knobler, Science 249, 870 (1990).
36 v0 =  27.4 +  26.9 • n A3, lc =  1.5 +1.265 -n A, where in this case 
n =  17. See: C. Tanford, J. Phys. Chem. 76, 3020 (1972).
37 t =  2-v0 / a 0 (Ref. 3).
38 M .-H Lu and C. Rosenblatt, Mol. Cryst. Liq. Cryst. 210, 169
(1992); J.-H. Fuhrhop, D. Spiroski and C. Boettcher, J. Am. Chem. 
Soc. 115, 1600 (1993); T. Imae, Y. Takahashi and H. Muramatsu, 
J. Am. Chem. Soc. 114, 3414 (1992).
39 e.g. T. Muller, H. Hajert and Th. Eckert, Colloid. Polym. Sci. 267, 
230 (1989) and references cited therein.
